[NiFe] hydrogenases are metalloenzymes involved in many biological processes concerning the metabolism of hydrogen. The maturation of the large subunit of these hydrogenases requires the cleavage of a peptide at the C terminus by an endopeptidase before the final formation of the [NiFe] metallocenter. HycI is an endopeptidase of the M52 family and responsible for the C-terminal cleavage of the large subunit of hydrogenase 3 in Escherichia coli. Although extensive studies were performed, the molecular mechanism of recognition and cleavage of hydrogenase 3 remains elusive. Herein, we report the solution structure of E. coli HycI determined by high resolution nuclear magnetic resonance spectroscopy. This is the first solution structure of the apo form of endopeptidase of the M52 family reported thus far. The overall structure is similar to the crystal structure of holo-HybD in the same family. However, significant diversity was observed between the two structures. Especially, HycI shows an open conformation at the putative nickel-binding site, whereas HybD adopts a closed conformation. In addition, we performed backbone dynamic studies to probe the motional properties of the apo form of HycI. Furthermore, the metal ion titration experiments provide insightful information on the substrate recognition and cleavage processes. Taken together, our current structural, biochemical, and dynamic studies extend the knowledge of the M52 family proteins and provide novel insights into the biological function of HycI.
Hydrogenases are generally metal-containing enzymes and play a central role in the hydrogen metabolism of many microorganisms. They are involved in many biological processes in which hydrogen molecules are produced and consumed. Based on their metal contents at the active site, metallohydrogenases are classified into two main types, the [Fe] and [NiFe] hydrogenases (1) . Escherichia coli has four different [NiFe] hydrogenases, designated as hydrogenases 1-4. Hydrogenases 1-3 are responsible for anaerobic H 2 oxidation for energy conserving or involved in H 2 production from formate, whereas the function of hydrogenase 4 remains elusive (2) (3) (4) . Generally, they are heterodimers consisting of small and large subunits. When initially synthesized in cells, the large subunit is in the precursor form lacking the metallocenter and the [NiFe] center is subsequently formed by a complex maturation process. For E. coli hydrogenase 3, seven proteins encoded by genes hypABCDE, hypF, and hycI are involved in the regulation and maturation of the large subunit (HycE) (5, 6) . Among them, three proteins responsible for the nickel incorporation play key roles in this process. The HypB protein exhibits GTPase activity and is responsible for nickel delivery (7) , the HypC protein acts as a chaperone that interacts with the pre-HycE to form an open conformation for the metal insertion (8) , and finally HycI, an endopeptidase, cleaves the C terminus of the pre-HycE. Subsequently, the formation of the metallocenter associated with a conformational change completes the maturation of HycE (6, 9 -10) .
Previous in vivo and in vitro experiments demonstrated that nickel ion (Ni 2ϩ ) is essential for the recognition and cleavage of the large subunit by the endopeptidase (11, 12) . Furthermore, the C terminus of the pre-large subunit may have interaction with other parts of the protein to form an open conformation amenable to nickel and endopeptidase recognition before it is cleaved (13) (14) (15) . The crystal structure of the endopeptidase of hydrogenase 2, HybD, bound with Cd 2ϩ was reported (16) . Based on the Cd 2ϩ -binding site in the crystal structure and mutagenesis experiments, it was established that the highly conserved residues Glu-16, Asp-62, and His-93 in HybD are three key residues involved in the metal binding and play central roles in the cleavage of the C terminus of the large subunit of [NiFe] hydrogenase 2.
Homologous to HybD, HycI belongs to the M52 peptidase family, which is an atypical protease family due to lack of the characteristic motifs of serine, cysteine, zinc, and acid proteases (6) . HycI shares only 20% sequence identity with HybD, whereas the putative metal-binding site is highly conserved. To extend our knowledge into the molecular mechanism of hydrogenase maturation, the structure and dynamic features of HycI are essential. Furthermore, the reason why the nickel ion acts as an activator while other bivalent metal ions act as inhibitors remains to be unveiled (11) . To address these issues, we have determined the solution structure of apoHycI by high resolu-tion nuclear magnetic resonance (NMR) spectroscopy, the first solution structure of the apo form of peptidase in the M52 family reported thus far. In addition, we performed the backbone dynamic studies and metal ion titration experiments. The current studies provide novel insights in understanding the molecular mechanisms of the recognition, cleavage, and maturation of the large subunit of [NiFe] hydrogenases.
EXPERIMENTAL PROCEDURES
Cloning and Protein Expression-The E. coli hycI gene was cloned into pET21a (ϩ) expression vector and expressed in E. coli BL21 (DE3) strain (Novagen). The cell culture was grown in 1 liter of Luria Bertani medium, centrifuged, and resuspended in 250 ml of M9 minimal medium at 35°C with ampicillin and 15 NH 4 Cl in the presence or absence of 13 C 6 glucose for the preparations of 13 C/ 15 N-labeled or 15 N-labeled samples, respectively (17) . The HycI protein was purified by anion exchange chromatography (Mono Q) and subsequently gel filtration (Superdex-75) using an Ä KTA FPLC system (Amersham Biosciences). The purity was determined to be Ͼ95% as judged by SDS-PAGE. NMR samples were prepared with 1 mM HycI dissolved in 90% H 2 O/10%D 2 O buffer containing 50 mM sodium phosphate and 50 mM NaCl (pH 7.0).
NMR Spectroscopy-The NMR experiments were carried out at 25°C on Bruker Avance 600-and 800-MHz spectrometers equipped with four RF channels and triple resonance probes with pulsed field gradients. The chemical shifts were referenced to internal 2,2-dimethyl-2-silapentanesulfonic acid. Two-dimensional 15 N-and 13 C-edited heteronuclear single quantum coherence (HSQC) 3 and three-dimensional HNCA, HNCO, HNCACB, HBHA(CO)NH, CBCA(CO)NH, (H)CCH-COSY, and (H)CCH-TOCSY experiments were performed to obtain the chemical shift assignments of backbone and side chain atoms (18 -23) . The three-dimensional 15 N-and 13 C-edited NOESY-HSQC spectra (mixing time 100 ms) were collected to confirm the chemical shift assignments and generate distance restraints for structure calculations (24) . All NMR spectra were processed using NMRPipe (25) and analyzed using NMRView (26) .
Structure Calculations-The structure calculations were performed using the program package CYANA (27) and refined using AMBER (28) . Distance restraints were derived from inter-proton nuclear Overhauser effect (NOE). Dihedral angles (, ) were determined from backbone chemical shifts using TALOS (29) . The initial structures were calculated with the CANDID module of the CYANA program (27, 30) . The 20 lowest energy structures were selected as models for SANE to extend the NOE assignments (31) . Two hundred structures were calculated by CYANA, and the 100 lowest energy structures were used as initial structures and refined using AMBER. Finally, the 20 lowest energy structures were selected to represent the HycI protein. The final structures were analyzed using the program packages MOLMOL (32) and PROCHECK_NMR (33) . 16 transients/ increment and a recycle delay of 2.7 s. The delays used for the R 1 experiments were 10 (ϫ2), 100, 300, 500, 800, 1100, 1500, 2000, 2500, and 3190 ms, and those used for the R 2 experiments were 8 (ϫ2), 16, 32, 56, 80, 104, 128 , and 144 ms. The relaxation rate constants were obtained by fitting the peak intensities to a single exponential function using the nonlinear least squares method as described (35) . The { 1 H}- 15 N NOE experiments were performed in the presence and absence of a 3-s proton presaturation period prior to the 15 N excitation pulse and using recycle delays of 2 and 5 s, respectively (36). 32 transients were used for each experiment.
Accession Number-The solution structure of E. coli HycI has been deposited in the Protein Data Bank under the PDB entry 2I8L.
RESULTS
Solution Structure of E. coli HycI-By using the three-dimensional triple resonance NMR spectra, nearly all the chemical shift assignments for backbone atoms were obtained except residues Met-1 and Leu-94. More than 90% of the chemical shift assignments for side chain atoms were obtained with the exception of residues Trp-34, Phe-85, His-90, Met-92, Phe-110, Phe-120, Tyr-121, Tyr-122, Tyr-136, Trp-142, and Phe-148. The two-dimensional 15 N-edited HSQC spectrum showing the 1 H and 15 N resonance assignments of E. coli HycI is shown in Fig. 1 .
The HycI structure was calculated using the inter-proton NOE-derived distance restraints in combination with the dihedral angle restraints. The 20 superimposed representative structures, together with the ribbon diagram of the energyminimized mean structure of HycI, are shown in Fig. 2 . The structural statistics are summarized in Table 1 .
The overall fold of HycI consists of an ␣/␤ sandwich with a twisted five-stranded ␤-sheet (residues Asp-3-Cys-7 (␤1), Trp-34-Asp-38 (␤2), Arg-57-Ala-63 (␤3), Ile-73-Ile-76 (␤4), and Glu-107-Ile-113 (␤5)) flanked by five ␣-helices (residues Ala-18-Ala-28 (␣1), Ile-47-Leu-53 (␣2), Pro-78-Met-84 (␣3), Asn-95-Asp-99 (␣4), and Gln-126-Arg-138 (␣5)) on two sides. In addition, there are three 3 10 -helices (residues Asp-15-Gly-17 (3 10 -1), Pro-43-Asp-46 (3 10 -2), and Met-86-Thr-88 (3 10 -3) distributed on the surface and proximate to the putative nickelbinding site. Fig. 3A shows the structural comparison of HycI (energy-minimized mean structure) with the crystal structure of E. coli HybD (PDB entry 1CFZ). The two proteins show similar overall packing in the core structural regions. However, significant diversities are observed between them. In particular, HycI is in the apo form, whereas HybD is in the holo form with one Cd 2ϩ ion bound/molecule, and the geometry of the three key residues constituting the putative active site is significantly different between the two structures. Based on the sequence alignment and mutagenesis experiments, it was proposed that Asp-16, Asp-62, and His-90 in HycI are the nickel binding residues corresponding to Glu-16, Asp-62, and His-93 in HybD (16) . As shown in Fig. 3 , B and C, residue His-90 locates in a loop Thr-89-Leu-94, which is far away from the other two residues (Asp-16 and Asp-62) in HycI. That is unlike the local structure observed in the holo-HybD. Very limited NOE data were obtained for His-90 and nearby residues. The backbone root mean square deviation in this region is 0.9 Ϯ 0.3 Å, which is much larger than that of the secondary structural elements (0.22 Ϯ 0.06 Å). This fact suggests the conformational flexibility in this region and will be discussed below.
Structural Comparison-
Another notable difference is observed around the C-terminal regions. In HycI, the C terminus points to the putative nickel-binding site and does not form regular secondary structures, whereas it forms a few short secondary structures in HybD and points away from the protein core structure. In the crystal structure of HybD, a short ␤-strand from Ile-157 to Pro-158 in the C terminus is formed that is anti-parallel to another short ␤-strand from Tyr-30 to Ile-31 in the N terminus and is followed by a 3 10 -helix from Arg-159 to Asp-161. It was proposed that the C terminus of HybD involves crystal contacts that extend away from the core structure (16) . However, our solution structure of HycI indicates that the C terminus is close to the structural core based on the NOE data. In the three-dimensional 15 N-and 13 C-edited NOESY-HSQC spectra, sufficient NOE data between residues in the segments Ile-73-Asp-77 and Ala-149-Leu-151 were obtained. Different from the crystal structure of HybD, no NOE data could be obtained between the C terminus and the segment Ala-29-Asn-33 in HycI. As discussed by Fritsche et al. (16) , the C-terminal conformation of the crystal structure of HybD might be affected by the neighboring molecules and might not be a representation of its conformation in solution. However, this difference may be also due to the metal binding to HybD and the sequence differences between the two enzymes.
Metal Ion Binding-Extensive investigations into the mechanisms of maturation of HycE have been carried out, and it was shown that nickel ion plays a key role in the substrate recognition of endopeptidases (10, 12) . We performed the titration experiments using Ni 2ϩ and Cd 2ϩ monitored by two-dimensional 15 N-edited HSQC spectra. To keep the samples in identical conditions, both the HycI protein and metal ions were dissolved in the 20 mM Tris-HCl buffer at pH 7.0. The initial concentration of protein was 1 mM. During the titration experiments, the metal ion was gradually added into the protein solution with the metal/protein molar ratio ranging from 0.1 to 2.0.
During the titration of Ni 2ϩ , cross-peaks for several residues in the HSQC spectra showed reduced intensities and even disappeared with the increasing concentration of Ni 2ϩ , whereas almost no changes in chemical shift were observed for the rest of the residues. As shown in Fig. 4 , the missing residues are mostly located in six regions, Val-8 to Asn-10, Asp-16 to Gly-19, Gly-40 to Glu-44, Val-61 to Asp-65, Asp-77 to Leu-97, and the C terminus. Intriguingly, except for the C terminus, the missing residues in the other regions are highly conserved in the sequence alignment among endopeptidases of the M52 family (16) . In addition, we repeated the titration experiments at the lower temperature of 10°C. Notably, some peaks that were missing in the HSQC spectra at higher temperature (25°C) reappeared at the low temperature (data not shown). This fact indicates that the missing residues during titration experiments are mostly due to the intermediate conformational exchanges induced by nickel binding, which signifi- cantly broaden the line width of the cross-peaks and render the signal undetectable.
To take into account the possible paramagnetic effect caused by Ni 2ϩ binding, we also performed the titration experiments using diamagnetic Cd 2ϩ ion as a control. The results of Cd 2ϩ titration experiments were similar to that of Ni 2ϩ . In addition, besides residues distributed around the six regions that were missing in the Ni 2ϩ titration experiments, residues Leu-111, Ile-113, Gln-114, and Met-124 were also missing in the Cd 2ϩ titration experiments, suggesting more residues were affected by Cd 2ϩ binding than that of Ni 2ϩ (Fig. 4) . After the titration experiments, the solution comprising Cd 2ϩ -HycI complex was loaded onto a gel filtration column equilibrated with the same Tris-HCl buffer used in the titration experiments. The complex was eluted at the same elution volume as the apoHycI, which corresponds to the molecular weight of the monomer. We also examined the elution by the 15 N-edited HSQC spectrum, which was identical to that of the Cd 2ϩ -HycI complex before gel filtration. This fact excludes the possibility of the aggregation of HycI upon metal binding, which might lead to the peak broadening and missing in the HSQC spectrum. To test the relative binding affinity of HycI for Ni 2ϩ and Cd 2ϩ , a competition assay was performed. After the protein was saturated with excess Ni 2ϩ (ϳ5 mM), 2 mM Cd 2ϩ was added into the sample. The two-dimensional 15 N-edited HSQC showed an identical spectrum to that of the Cd 2ϩ -HycI complex, indicative of the substitution of Ni 2ϩ by Cd 2ϩ . In contrast, the HSQC spectrum was unchanged after adding Ni 2ϩ into the solution comprising protein saturated with Cd 2ϩ (data not shown). These results indicate that Ni 2ϩ has lower binding affinity with HycI than that of Cd 2ϩ , which is likely required for HycI to dissociate from HycE after the C-terminal processing.
Relaxation Parameters-To characterize the motional properties and obtain deeper insights into the molecular mechanisms of substrate recognition and cleavage, we determined the 15 N backbone relaxation parameters of HycI, including the longitudinal relaxation rates R 1 , transverse relaxation rates R 2 , and heteronuclear Overhauser effect { 1 H}- 15 N NOE values. In the analysis of the relaxation data, 120 of 156 residues were used. The unanalyzed residues included ten proline residues that have no amide protons, two residues that were unassigned, and ues, suggesting fast internal motions on the picosecond to nanosecond time scales and conformational exchanges on the microsecond to millisecond time scales. Rotational Diffusion Anisotropy-The precise determination of motional anisotropy is crucial to the analysis of NMR relaxation data, particularly for the characterization of conformational exchanges (37) . The ratio of the principle components of the inertia tensor of HycI calculated from the solution structure is (1:0.95:0.73), suggesting motional anisotropy. The motional anisotropy can be described by the rotational diffusion tensor. The rotational diffusion tensor was determined following the common procedures by excluding residues with conformational exchanges or internal motions (38) . A total of seventy residues were used to define the rotational diffusion tensor. The diffusion tensor for HycI was best described by the axially symmetric model, giving the overall correlation time m ϭ 8.69 Ϯ 0.04 ns and the anisotropy of diffusion tensor D ʈ /D Ќ ϭ 1.11 Ϯ 0.03, which suggests the monomeric state of HycI.
Internal Dynamics-Model-free analysis was performed to extract the dynamic parameters from the experimentally determined relaxation data (39, 40) , and the axially symmetric diffusion model was used during the analysis. The calculations were carried out using the experimental data, the uncertainties, and the energy-minimized mean structure as input. Five models with increasing complexity (M1 2 , e ) were used iteratively to reproduce the experimental data until the confidence reached within 95% (41) . The confidence level was estimated using 500 Monte Carlo simulations per run in combination with 2 and F statistic analysis. The amide bond length was fixed at 1.02 Å, and the 15 N chemical shift anisotropy value of Ϫ175 ppm was used during the calculations. The optimized internal mobility parameters of the generalized order parameter S 2 , the fast internal motions on the picosecond to nanosecond time scales e , and the conformational exchanges R ex on the microsecond to millisecond time scales are shown in Fig. 5B .
Seventy-eight residues, mainly in the secondary structural elements, could be described by model M1, with an average S 2 ϭ 0.92 Ϯ 0.03. Nineteen residues mostly near the loop regions were assigned to model M2, with an average S 2 ϭ 0.86 Ϯ 0.03 and internal motions on the picosecond to nanosecond time scales. Eight residues were assigned to model M3, with an average S 2 ϭ 0.97 Ϯ 0.05 and conformational exchanges (R ex ) on the microsecond to millisecond time scales. Twelve residues mainly in the segments Gly-40-Asn-45 and Asp-79-Thr-88 were assigned to model M4 with an average S 2 ϭ 0.88 Ϯ 0.04, whereas three residues in the C terminus and turns were assigned to model M5, with an average S 2 ϭ 0.58 Ϯ 0.03. For a comprehensive overview, the extracted parameters are mapped onto the HycI structure and shown in Fig. 6 . Overall, the protein adopts a fairly rigid structure as reflected by the averaged generalized order parameter S 2 ϭ 0.89. However, residues in the segments Gly-40-Asn-45 and Asp-79-Thr-88 were mainly described by M4 with relatively small S 2 , showing both significant internal motions on picosecond to nanosecond time scales and conformational exchanges on microsecond to millisecond time scales. The conserved residues Asp-16 and Asp-62 (His-90 is unanalyzed due to signal overlap) are involved in Ni 2ϩ binding and those around the three residues exhibit notable conformational exchanges, indicating that the residues in these regions sample multiple conformational states for Ni 2ϩ insertion.
DISCUSSION
The Structural and Dynamic Basis of Substrate RecognitionWe report here the first solution structure, especially the first apo form structure, of the M52 family peptidase. It was previously reported that the precursor of HycE contained nickel when it was directly purified, whereas HycI was in the apo form (10) . This result indicated that nickel is inserted into the precursor before its binding with HycI. Therefore, our solution structure of apoHycI provides insightful information in understanding the conformational properties of HycI prior to its recognition of HycE. In the apo form, HycI shows an open binding pocket around the putative nickel-binding site. Moreover, the backbone dynamics is well correlated with the structure and function. The residues located at and around the binding site mostly show significant conformational exchanges on the microsecond to millisecond time scales (Fig. 6C) . It is well understood that the biological function of a protein is strongly dependent on its structure and dynamics. Especially, the protein dynamics plays a critical role in biological processes such as protein-ligand binding, protein-protein interactions, and enzyme catalysis (42) (43) (44) . The structural and dynamic characterizations of HycI strongly suggest that the open conformation and the dynamic fluctuations of the HycI nickel-binding site are required for the recognition of Ni 2ϩ and interaction with HycE. The Conformational Switch upon Nickel Binding-Our solution structure of the apoHycI is a representation of the conformation prior to the binding with its substrate. In contrast, the crystal structure of HybD bound with a Cd 2ϩ might reveal the structure of the endopeptidase during substrate recognition, the first step of the cleavage reaction. Based on the structures of the apoHycI and holo-HybD, we can expect a notable conformational change in HycI upon Ni 2ϩ binding (Fig. 3) . In the apoHycI, the residue His-90 locates far away from the other two critical conserved residues Asp-16 and Asp-62 and shows an open binding pocket. Upon Ni 2ϩ binding, His-90 moves close to Asp-16 and Asp-62 and switches into the closed conformation at the binding site, as observed in the crystal structure of HybD. However, the cross-peaks for residues around the binding site of HycI were missing as shown by the titration experiments, indicating that intermediate conformational exchanges are induced upon the metal binding. Therefore, Ni 2ϩ binding may activate the endopeptidase for its following cleavage reaction. Based on the structural and dynamic fluctuations of HycI and the crystal structure of holo-HybD, we propose that the conformational exchanges are required for HycI to recognize and subsequently cleave the precursor of HycE. However, instead of free Ni 2ϩ , the Ni 2ϩ -HycE complex is the native substrate of HycI. Further investigations are expected to demonstrate the detailed conformational changes associated with the interaction between HycI and HycE.
Implication for the Mechanism of Hydrogenase Maturation-
It was postulated that nickel serves as a recognition motif by its interaction with residues His-90 (or His-90 and Asp-16) in HycI (45) . In the Ni 2ϩ titration experiments, nearly all the crosspeaks for residues around the segment Asp-77-Leu-97 in the HSQC spectrum were missing. In addition, the dynamic data of the apo form of HycI show that residues in the segment Asp-79-Thr-88 are involved in both conformational exchanges on the microsecond to millisecond and fast internal motions on picosecond to nanosecond time scales. These observations strongly suggest that the segment Asp-79-Thr-88 is likely the initial binding site with Ni 2ϩ -HycE, which may further induce the formation of HycI-HycE complex before the cleavage. In addition, residues in segment Gly-40-Asn-45 show both conformational exchanges and fast internal motions, suggesting its possible role involving the C-terminal cleavage of the pre-HycE. Further investigations are required to clarify this issue.
Concluding Remarks-The NMR structure reveals an open binding pocket around the putative nickel-binding site of HycI. In addition, the backbone dynamics characterizes the motional properties at multi-time scales, which is well correlated with the structure and biological function of HycI. Furthermore, the metal ion titration experiments provide novel insights into the mechanism of substrate recognition and cleavage. The work described here extends the structural and dynamic characterizations of the M52 family, which together with the previous structural and biochemical studies, have established stereochemical insights into the molecular mechanisms of recognition and cleavage of hydrogenases. values with colors ranging from yellow to red and blue corresponding to S 2 values from 0.7 to 0.92 and Ͼ0.92. B, ribbon diagram of HycI representing the internal motions on the picosecond to nanosecond time scales with colors ranging from yellow to red and magenta corresponding to e values from 10 to 100 ps and Ͼ100 ps. C, ribbon diagram of HycI representing the residues with conformational changes (R ex Ͼ 1 s Ϫ1 ) on the microsecond to millisecond time scales colored in blue. The residues that were missing or showing significantly larger than the averaged value of R 2 but that were unanalyzed due to the poor signal quality were colored in black. The two segments exhibiting both significant internal motions and conformational exchanges are labeled in panel B, and the putative Ni 2ϩ binding residues are labeled in panel C. The figures were generated using MOLMOL (32) .
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